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Fig. 1. Schematic overview of the three subdivisions of the motor system (Holstege, 1995, 1997)
and some of the pathways of the somatic and the emotional motor systems.
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Introduction
This general introduction gives a description
of the central organization of motor control,
with the emphasis on the emotional motor
system. To explain how motor control is or-
ganized, some basic facts are presented about
muscles and their peripheral innervation. Sub-
sequently, the motor system within the cen-
tral nervous system will be discussed. The
motor system contains the descending path-
ways that control the motoneurons. It con-
sists of three parts (Fig. 1), the interneurons,
the voluntary motor system, and the emotional
motor system, all of which will be described
separately.
Special attention is given to the periaqueduc-
tal gray (PAG), which occupies a central po-
sition in the emotional motor system. It con-
trols different emotional motor activities, like
aggression, and defensive, sexual and mater-
nal behaviors. To accomplish this, the PAG
receives information concerning the internal
and external state of the body, and has access
to the motoneurons that innervate the mus-
cles. First, the output, or efferent, pathways
and second the input, or afferent, pathways
will be discussed. The description of the ef-
ferent pathways from the PAG and the affer-
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Fig. 2. Schematic representation of different types of motoneurons and the way they innervate muscles.
The C8 segment shows somatic motoneurons of hand and trunk muscles in respectively the lateral and
medial motoneuronal cell groups of lamina IX of Rexed. The T2 segment shows the sympathetic
preganglionic motoneurons in the intermediolateral cell column (laminae VI-VII of Rexed), and the S2
spinal segment shows the parasympathetic preganglionic motoneurons in this same area.
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ent pathways to the PAG forms the basis of
this thesis.
As this general introduction is especially
meant to be readable also for persons other
than neuroanatomists, it is chosen not to men-
tion all literature references. In each of the
chapters a specialized introduction is given
with references included.
Muscles and their peripheral inner-
vation
Muscles
All behavior is the result of the activity of
muscles. For basic survival it is essential to
constantly breath, eat and drink, and fight or
flight when necessary. Normal breathing con-
sists of contraction of the diaphragm, abdomi-
nal muscles, intercostal muscles and several
other inspiratory and expiratory muscles. For
eating and drinking it is necessary to use the
skeletal muscles of arms, legs and trunk to
bring the food and water to the mouth, and
the muscles of the mouth and tongue for
chewing and swallowing; also the smooth
muscles of the digestive tract play an impor-
tant role. Basic survival behavior such as fight
and flight also necessitates activation of a
large variety of muscles, such as the muscles
of the face, which show the right emotion,
and the skeletal muscles of the body which
are needed for the appropriate submissive or
aggressive behavior. Simultaneuously, also
the activity of the muscles of the respiratory,
urogenital, and digestive tracts and of the car-
diovascular system have to be reset accord-
ing to the necessary levels. For survival of
the species, in addition to all these survival
behaviors, complicated mating and maternal
behaviors have to be performed.
Motoneurons
Motoneurons connect the muscles with the
central nervous system via their fibers in the
peripheral nervous system. The cell body of
a motoneuron is located in the central nerv-
ous system. Its, often very long axon, how-
ever, runs through a peripheral nerve to the
muscle it innervates. Considering their func-
tion, one can distinguish three types of
motoneurons: somatic motoneurons innervat-
ing skeletal muscles, sympathetic pregangli-
onic motoneurons, controlling the heart and
smooth muscles of organs in situations of
arousal and physical activities, and para-sym-
pathetic preganglionic motoneurons, activat-
ing the heart and smooth muscles of organs
in situations of physical rest and digestion
(Fig. 2). The somatic motoneurons innervat-
ing the muscles of the head are located in the
brainstem, and those innervating the skeletal
muscles of the trunk, arms and legs, are found
medially or laterally in the ventral horn of the
spinal cord, in the so-called lamina IX of
Rexed (Fig. 2A). All the somatic motoneurons
in brainstem or spinal cord send their axons
directly to the target muscle. The sympathetic
or parasympathetic motoneurons reach their
targets via an extra neuron in the peripheral
nervous system, the postganglionic motoneu-
ron (Figs. 2B and C). Sympathetic pregan-
glionic motoneurons are located in the gray
matter of the spinal cord, in particular in the
intermediolateral cell column of the so-called
lamina VII of Rexed of the thoracic and up-
per lumbar spinal cord (Fig. 2B). The sym-
pathetic postganglionic neurons are located
in peripheral ganglia at some distance from
the target organs (Fig. 2B). The parasympa-
thetic preganglionic motoneurons are located
in the brainstem and in the intermediolateral
cell column of the sacral spinal cord, while
the parasympathetic postganglionic neurons
are located in peripheral ganglia on or near
the target organ (Fig. 2C).
The motor system
The vertebrate central nervous system con-
sists of the brain and spinal cord (Fig. 3). The
nervous system receives different kinds of
internal and external stimuli, such as visual,
auditory, visceral, and somatosensory infor-
mation. It integrates these different inputs,
decides about which motor action is
necessary, and produces this motor action via
12
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Fig. 3. A schematic representation of the central nervous sytem of the cat, consisting of the brain and
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pathways to the motoneurons in the brainstem
and spinal cord. According to Holstege (1991,
1995, 1997), these pathways belonging to the
motor system can be divided into three
different components, the basic, the voluntary,
and the emotional motor systems (Fig. 1).
The basic premotor interneuronal system
After the motoneurons, the most elemental
neurons in the motor system are the premotor
interneurons, which control somatic and au-
tonomic motoneurons. Premotor interneurons
are located in the brainstem (the lateral part
of the pontine and medullary reticular forma-
tion), and in the spinal cord (laminae V to VIII
of Rexed; Fig. 2). Many premotor interneu-
rons are situated near the motoneurons they
activate, for instance in the same spinal seg-
ment. Many others are located a few segments
from their motoneurons, but there exist also
premotor interneurons that are located far
away from their target motoneurons. This, for
instance, is the case for the premotor inter-
neurons involved in the control of back mus-
cles, which send some of their fibers through
large parts of the spinal cord. Long fibers also
originate from the cell groups in the brainstem
that control micturition and respiration. The
micturition involved interneurons in the
dorsomedial pons (M-region) project all the
way to the autonomic parasympathetic
motoneurons in the sacral cord to innervate
the smooth muscle of the bladder (Fig. 4).
Such distant interneurons are also found in
the nucleus retroambiguus, a group of inter-
neurons in the caudal medulla oblongata that,
among others, controls the motoneurons of
the abdominal muscles, and in estrous cats
the motoneurons of certain hind limb mus-
cles (Fig. 4).
The somatic motor system
The somatic motor system controls all vol-
untary movements of the skeletal muscles of
the body. The somatic motor system can be
divided into a lateral and a medial compo-
nent (Fig. 1).
The lateral part of the somatic motor system
controls the voluntary movements of certain
skeletal muscles of the head, and the distal
muscles of the upper and lower limbs for in-
stance during writing, grasping, and kicking.
The most well known pathway of the lateral
part of the voluntary motor system is the lat-
eral corticospinal tract (Fig. 1). This large
pathway originates from the motor cortex
cerebri, sends its fibers through the internal
capsule and brainstem, and terminates on ba-
sic premotor interneurons and, at least in
monkeys and humans, on motoneurons of the
skeletal muscles of the head, arms and legs.
Clinically, this pathway is of major impor-
tance as in many patients with a cerebrovas-
cular accident this pathway is interrupted, usu-
ally at the level of the internal capsule, lead-
ing to severe motor impairment.
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Besides the lateral corticospinal tract, there
exists another pathway controlling the skel-
etal muscles of the head, upper and lower
limbs. This so-called rubrospinal pathway
originates in the red nucleus in the upper
brainstem and terminates mainly on premotor
interneurons. It is questionable whether a ru-
brospinal pathway exists in humans.
The medial part of the somatic motor system
concerns the control of the skeletal muscles
of the neck, trunk, shoulders and hip. In hu-
mans activation of these muscles is very im-
portant to maintain the erect posture, and in
all animals, including humans, it is important
for the coordination of the visual field-head-
body movements. The pathways belonging to
this medial part of the somatic motor system
originate in different areas in the brainstem,
for instance, the vestibular complex, pontine
and medullary reticular formation, interstitial
nucleus of the medial longitudinal fasciculus
and the interstitial nucleus of Cajal, and the
tectum, and only to a limited extent in the
motor cortex (Fig. 1).
The emotional motor system
The emotional motor system controls basic
survival behaviors, such as freezing, flight and
fight, essential for survival of the individual.
Activities like spontaneous smiling, crying,
urinating, and mating behavior also are ex-
amples of emotional beha-viors. All the emo-
tional behaviors are, at least partly, under the
control of brain areas belonging to the so-
called limbic system. In this thesis the limbic
system is thought to consist of several corti-
cal areas, such as the limbic association cor-
tex, hippocampal formation and amygdala,
and of subcortical areas, such as the bed nu-
cleus of the stria terminalis, preoptic region,
hypothalamus and PAG. In particular, the
hypothalamus, not only via its descending
pathways, but also via secretion of hormones,
is strongly involved in the organization of
emotional behavior.
Similar to the somatic motor system, also the
emotional motor system can be divided into
a medial and lateral component. The medial
component is thought not to be involved in
specific functions, but in more general mecha-
nisms, such as overall changes in nociception
and muscle tone. It consists of several path-
ways that originate in the ventral part of the
reticular formation and raphe nuclei in the
caudal brainstem and terminate diffusely on
all interneurons and motoneurons throughout
the length of the spinal cord. The medial com-
ponent does not subserve specific activities
but acts as a gain setting mechanism, i.e., it
has a very general and diffuse facilitory or
inhibitory effect on all inter- and motoneu-
rons. For example, the PAG projects to the
ventral reticular formation and caudal raphe
nuclei, which in turn project to the dorsal horn
of all spinal segments, producing inhibition
of nociception of all parts of the body (Fig.
4). The PAG also projects to the more caudal
parts of the ventral reticular formation and
caudal raphe nuclei which in turn project to
the intermediate zone and ventral horn of all
spinal segments, to have a global effect on
the level of activity of the inter- and motoneu-
rons (Fig. 4). Diffuse projection systems simi-
lar to those of the reticular formation and ra-
phe nuclei originate also in the locus coeruleus
and, especially in the cat, the nucleus
subcoeruleus.
In contrast to the medial part, the lateral com-
ponent of the emotional motor system, con-
sists of pathways that subserve specific mo-
tor functions, such as cardiovascular regula-
tion, vocalization (= production of sound),
micturition and mating behavior. Major path-
ways of the lateral component of the emo-
tional motor system originate in the lateral
hypothalamus, the central nucleus of the amy-
gdala, the bed nucleus of the stria terminalis,
and the periaqueductal gray (PAG), which in
turn send projections to specific groups of
interneurons in the caudal brainstem and spi-
nal cord. The present thesis will specifically

































































































































































































































































































































































































































































































































































































































The periaqueductal gray and its ef-
ferent and afferent pathways
The periaqueductal gray
The PAG consists of a relatively large group
of neurons in the mesencephalon, situated
around the aqueduct of Silvius (Fig. 5).
Through this aqueduct a large amount of cer-
ebrospinal fluid, produced in the lateral and
third ventricles, runs to the fourth ventricle.
Large structures that border the PAG from the
outside are the inferior and superior colliculi.
The inferior colliculus is the brainstem nu-
cleus receiving and integrating auditory in-
put. The superior colliculus is the brainstem
nucleus that receives visual input and is the
origin of the descending tectospinal tract, re-
sponsible for head and neck movements re-
lated to vision and to somatosensory and au-
ditory stimuli.
In the early seventies it was found that stimu-
lation of the PAG elicited inhibition of
nociception, and since then the PAG became
best known as a region involved in nocicep-
tion control. However, other studies showed
that the PAG also elicits different motor func-
tions. Stimulation of the PAG in anesthetized
animals leads to, for instance, cardiovascular
changes, vocalization and micturition (= re-
lease of urine), while stimulation of the PAG
in awake animals resulted in more complete
defense (fight, freezing and flight) and sexual
behaviors. Anatomical studies have revealed
several so-called efferent (output) pathways
of the PAG, for example the descending path-
ways via which the nociception control and
the different motor functions are elicited.
These studies also showed some so-called
afferent (input) pathways, for example, the
P2.2P0.9A0.6A2.5A4.3













Fig. 5. Schematic representation of the location of the periaqueductal gray (dark gray) with the anterior-
posterior (AP) coordinates according to Berman’s atlas of the cat.
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ascending pathways by which the PAG re-
ceives information necessary to perform its
output functions.
Efferents of the PAG
Apart from the diffuse descending pathways
from the PAG which belong to the medial
component of the emotional motor system,
several other descending efferent pathways
from the PAG exist. They belong to the lat-
eral component of the emotional motor sys-
tem, and subserve specific motor functions
(Fig. 4). Most of these pathways project to
interneurons in the brainstem, which in turn
project to certain motoneurons in the spinal
cord. For instance, regarding micturition, the
PAG projects to the M-region, also called
Barrington’s nucleus, which in turn projects
to the parasympathetic preganglionic moto-
neurons of the bladder, located in the inter-
mediolateral cell column of the sacral cord.
Regarding mating behavior, the PAG sends
fibers to the nucleus retroambiguus in the
lower brainstem, which in turn projects to
motoneurons of specific muscles of the hind
limb.
There also exist descending efferent pathways
from the PAG that project directly to the spi-
nal cord. Earlier studies showed the existence
of a direct efferent projection from the PAG
to the intermediolateral cell column of T1 and
T2. Since in this nucleus the preganglionic
sympathetic motoneurons of the dilator pu-
pillae muscle are located, it was hypothesized
that this pathway from the PAG to the T1-T2
spinal cord is involved in pupil dilatation dur-
ing emotional behavior (Fig. 1).
Other studies showed the existence of another
direct pathway from the PAG to the spinal
cord, i.e., to interneurons located in lamina
V-VIII of the upper cervical cord and in lami-
nae VII-VIII of the more caudal cervical and
thoracic cord. A few of these projections
seemed to go further caudally, to the caudal
thoracic and lumbar cord. However, this ef-
ferent pathway has never been described in
detail, including the exact location of the PAG
neurons involved and its termination site
throughout the length of the spinal cord.
Afferents to the PAG
To be able to control nociception and the
emotional motor activities, the PAG has to
receive information from the internal and ex-
ternal environment of the individual. Ana-
tomical studies showed that the PAG receives
input from several more rostrally located
structures, such as the central nucleus of the
amygdala, lateral bed nucleus of the stria ter-
minalis, preoptic area, the hypothalamus, and
certain cortical areas, such as the insular, per-
irhinal, and anterior cingulate cortex (Fig. 6).
Furthermore, it has been shown that the PAG
receives input from several different cell
groups located in the brainstem, such as the
solitary nucleus, and the nucleus retro-
ambiguus.
Many studies showed that the PAG also re-
ceives afferents from the spinal cord. It was
reported that most of these projections origi-
nate in lamina I, which is the spinal cord area
receiving nociceptive information. It led to
the common opinion that the spinal cord pro-
jections to the PAG relay mainly nociception
information. More recent work, however, has
shown that the PAG also receives many as-
cending spinal fibers from other areas than
lamina I. The PAG appears to receive a strong
input from laminae VI-VII of the cervical and
lumbosacral cord. Of the total lumbosacral-
PAG projection only a very limited part origi-
nates from lamina I, and the greatest portion
from a specific part of lamina V-VIII. These
parts of laminae I and V-VII are known to
receive information from, among others, the
bladder, colon, and vagina. Therefore, it was
suggested that not all direct spinal projections
to the PAG are involved in nociception, but
that they are also involved in the relay of in-
formation concerning micturition and mating
behavior.
Another issue is that some studies suggested
that the spinal projection to the PAG is
















































































































































































































































































































caudal part of the spinal cord (lumbar enlarge-
ment) project to the caudal PAG, and neu-
rons in the more rostral part of the spinal cord
(cervical enlargement) project to the rostral
PAG. Another study also claimed a topo-
graphic organization of the spino-PAG pro-
jection, but specifically concerning the lamina
I projections. It was claimed that the lumbar
lamina I neurons project to more caudal parts
of the lateral PAG than the cervical lamina I
neurons. This thesis will show that there is
no evidence for such a topographical organi-
zation, but will explain how these earlier stud-
ies could come to this impression.
Aim of this thesis
The present work is part of a large research
project on the structure and function of the
pathways of the emotional motor system, in
order to get insight in the mechanisms under-
lying diseases of the emotional motor system.
Examples of such diseases are incontinence,
sexual disturbances, and pain related prob-
lems.
The work presented in this thesis is focussed
on a circumscribed part of the emotional
motor system, i.e., the direct connections
between the PAG and the spinal cord. The
work presented in this thesis has the aim to
answer two questions. First, what is the pre-
cise organization of the descen-ding efferent
pathways from the PAG to the spinal cord
(Fig. 4) and what are their possible functions.
Second, what is the precise organi-zation of
the ascending afferent projections from the
spinal cord to the PAG (Fig. 6) and what are
their possible functions.
The main difference between the work pre-
sented in this thesis and all earlier studies on
the spinal-PAG and PAG-spinal projections,
is that the present work involves different
parts of the PAG, as well as all separate C1-
Coc2 spinal segments, instead of only one
particular part of the PAG and a few selected
parts of the cord.
Techniques
To answer the first question on the descend-
ing PAG projections to the spinal cord, the
locations of the spinal projecting neurons in
the PAG were determined, as well as the ex-
act location of their terminations in the spi-
nal cord. To answer the second question on
the ascending spinal projections to the PAG,
the PAG projecting neurons in the spinal cord
were localized (Fig. 7).
To identify these direct PAG-spinal and spi-
nal-PAG pathways, retrograde and antero-
grade tracer techniques were used. In an ex-
periment using the retrograde tracer tech-
nique, tracer is injected in the area of the axon
terminals, taken up by these terminals and
transported back to the cell body (Fig. 7).
Thus, a retrograde tracing experiment results
in retrogradely labeled cells. In an anterograde
tracing experiment, tracer is injected in the
area of cell bodies, is taken up by these cells
and is transported to the axon terminals. Thus,
an anterograde tracing experiment results in
labeled terminals. Both labeled cells and
labeled axon terminals can be visualized by
light-microscopical techniques.
As can be seen in Fig. 7, a tracer injection in
the PAG can result in anterogradely labeled
fibers in the spinal cord, as well as in retro-
gradely labeled spinal neurons. In the present
thesis several cases with PAG injections there-
fore were used in both the studies on the ef-
ferent pathways from the spinal cord to the
PAG, and the studies on the afferent pathways
from the spinal cord to the PAG. As the case
numbers were kept similar throughout all
studies, these cases can be recognised as such.
In the studies presented in this thesis all the
experiments were done in cats, as the cat,
compared for example to the rat, has proven
to be a much better model for the human con-
cerning the central nervous system, and es-








used to determine the location of the cells
in the PAG which project to the spinal cord
anterograde tracing technique
used to determine the spinal terminals
of the  PAG cells
retrograde tracing technique
used to determine the location of the cells
in the spinal cord which project to the PAG
Afferents of the PAG:
direct ascending
spino-PAG projections
Fig. 7. Schematic overview of the anterograde and retrograde technique used to define the PAG-spinal
and spinal-PAG pathways.
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